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Anthropogenic climate change is a growing threat to marine ecosystems1, with impacts projected to intensify a suite of organismal responses, including increased mortality, 
reduced calcification and changes to species distributions, inter-
actions, abundance and biomass2,3. Furthermore, climate change 
can interact with other stressors such as overfishing4,5, which can 
threaten marine conservation6 and societal benefits derived from 
the ocean7,8. Thus, understanding the risks of climate change for 
marine ecosystems and the benefits of mitigation is paramount.
Projecting the magnitude and impacts of climate change through 
model intercomparison projects (MIPs) produces ensemble projec-
tions that quantify inter-model spread (the range of projections 
from low to high)9 and stimulate long-term efforts to develop and 
improve models. The most prominent MIP, the Coupled Model 
Intercomparison Project (CMIP)10, is currently on its sixth phase 
of Earth system model (ESM) simulation experiments, forming a 
core contribution to the sixth Intergovernmental Panel on Climate 
Change Assessment Report (IPCC AR6). These simulation outputs 
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Projections of climate change impacts on marine ecosystems have revealed long-term declines in global marine animal biomass 
and unevenly distributed impacts on fisheries. Here we apply an enhanced suite of global marine ecosystem models from the 
Fisheries and Marine Ecosystem Model Intercomparison Project (Fish-MIP), forced by new-generation Earth system model 
outputs from Phase 6 of the Coupled Model Intercomparison Project (CMIP6), to provide insights into how projected climate 
change will affect future ocean ecosystems. Compared with the previous generation CMIP5-forced Fish-MIP ensemble, the new 
ensemble ecosystem simulations show a greater decline in mean global ocean animal biomass under both strong-mitigation and 
high-emissions scenarios due to elevated warming, despite greater uncertainty in net primary production in the high-emissions 
scenario. Regional shifts in the direction of biomass changes highlight the continued and urgent need to reduce uncertainty in 
the projected responses of marine ecosystems to climate change to help support adaptation planning.
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Table 1 | List of global MEMs participating in the study and differences relative to CMiP5 analysis




CMiP5 and CMiP6 





APECOSM Composite (size- and 
trait-based; functional 
group structure)
x x Carbon concentrations 
(small phytoplankton, 
large phytoplankton, 
small zooplankton, large 
zooplankton), particulate 
organic matter (small and 
large), zonal and meridional 
currents, turbulent 
mixing, temperature, 
water density, dissolved 
oxygen concentration, light 
irradiance. All fields 3D and 
monthly.
To avoid problems with 
the 3D interpolation 
of forcings, APECOSM 
was run on the native 
ORCA1 grid using the 
native IPSL-CM set 
of forcing fields. The 
3D outputs were then 
vertically integrated and 
interpolated on the 2D 
Fish-MIP 1° x 1° grid. 
Minor improvements 
include fine tuning of 
some parameters and bug 








BOATS Size-based x x Mean temperature 0–75 m, 
NPP
None All commercially 
fished species, 
both finfish and 
invertebrates
41,42
DBEM Species distribution 
model
x x Surface and bottom O2, pH, 
salinity and temperature. 
Ice cover, current velocity, 
NPP, NPP pico and NPP 
diat. All variables on a 
yearly basis.
None 956 species of 
exploited fishes and 
invertebrates
43,44
DBPM Composite (size- and 
trait-based)
x x Surface and bottom 
temperature, phytoplankton 
carbon groups
None All benthic and 
pelagic marine 
animals weighing 













species contributions to 
ecosystem dynamics, (2) 
improved responses of 
the marine food web to 
stratified environmental 
drivers
Includes 51 functional 
groups representing 
the whole spectrum 
of marine organisms 
from bacteria 








EcoTroph Trophic-level-based x NPP, SST, integrated 
mesozooplankton carbon
None Implicitly all groups, 
including pelagic and 
demersal fishes and 
invertebrates
37,47
FEISTY Composite x Seafloor temperature, 





None Small pelagic fish, 
large pelagic fish, 
demersal fish, benthic 
invertebrates
48
Macroecological Size-based x x NPP, SST None Implicitly all marine 
organisms from 1 
gram to 1 tonne
49
ZooMSS Composite (size- and 
trait-based; functional 
group structure)










All models produce monthly outputs on a 1° × 1° grid (except DBEM, which produces yearly outputs on a 0.5° × 0.5° grid). 2D, two-dimensional; 3D, three-dimensional.



































































































































































































































































































































































Fig. 1 | Projected mean global change in oceanographic properties from iPSL and GFDL ESMs. a–h, Rows depict SST (a,b), NPP (c,d), phytoplankton 
carbon (e,f) and zooplankton carbon (g,h) for GFDL and IPSL CMIP5 and CMIP6 under strong-mitigation (blue) and high-emissions (red) scenarios. 
Historical values (1970–2005 for CMIP5; 1970–2014 for CMIP6) are shown in black, and projections (2006–2099 for CMIP5; 2015–2099 for CMIP6) are 
coloured. All values are normalized relative to the period 1990–1999. Vertical grey shaded area indicates reference decade, and vertical grey line indicates 
first year of projection (subsequent to historical period). RCP, representative concentration pathway.
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can also be used to drive impact models to explore how climate 
change will affect specific human sectors or natural processes.
While individual marine ecosystem models (MEMs) have 
explored climate impacts on ocean ecosystems, the Fisheries and 
Marine Ecosystem Model Intercomparison Project (Fish-MIP) 
compares models produced by different modelling groups into 
standardized ensemble projections11. Fish-MIP has explored a range 
of topics, including global12 and regional13–15 changes over the com-
ing century and their potential socioeconomic consequences8.
All Fish-MIP contributions to date have been driven by CMIP5 
ESM outputs. However, the ‘next-generation’ CMIP6 ESMs provide 
an updated suite of oceanographic drivers16,17. In this article, we com-
pare MEM ensembles forced with CMIP5 and CMIP6 variants of the 
Geophysical Fluid Dynamics Laboratory (GFDL) and the Institut 
Pierre-Simon Laplace (IPSL) ESMs. CMIP6’s next-generation 
ESMs capture improved representations of marine biogeochem-
istry18, sea ice and other oceanographic properties, and the GFDL 
simulation has a higher spatial resolution. The bias of CMIP6 mod-
els was reduced by 20–70% for surface nitrate, phosphate and sili-
cate relative to CMIP5, and the root mean squared error for surface 
temperature and chlorophyll improved17,18. CMIP6 models exhibit 
increased climate sensitivity (the equilibrium response of mean 
surface air temperature to a doubling of atmospheric CO2) over 
CMIP519, resulting in generally stronger marine ecosystem forcings 
(for example, ocean warming) under the high-emissions scenario, 
although with more variation in terms of impacts on net primary 
productivity (NPP)17,20.
Three global MEMs have been added to the Fish-MIP ensem-
ble, bringing the total to nine (Table 1). In this article, we present 
results from the newly expanded suite of MEMs under CMIP6 
high-emissions and strong-mitigation scenarios. We focus on tem-
perature and productivity as key drivers of marine ecosystem change 
as these variables are used by all MEMs (Supplementary Table 1). 
















































































































































































































































































Zooplankton carbon change between CMIPs
Fig. 2 | Projected mean spatial changes in oceanographic properties. a–l, Rows depict SST (a–c), NPP (d-f), phytoplankton carbon (g–i) and zooplankton 
carbon (j–l) for 1990–1999 and 2090–2099. Maps represent mean change for GFDL and IPSL models under a high-emissions scenario. Columns depict 
mean change under CMIP5 (a,d,g,j), mean change under CMIP6 (b,e,h,k) and the difference in these century changes between CMIP6 and CMIP5 (c,f,i,l), 
with a positive value indicating a stronger increase (or weaker decrease) in CMIP6, a negative value indicating a weaker increase (or stronger decrease) in 
CMIP6 and zero representing an equal change projected in both CMIP5 and CMIP6.
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that used both CMIP5 and CMIP6 forcings to evaluate the con-
sequences of improved next-generation climate models for global 
marine ecosystem projections and to assess mitigation benefits. The 
revised Fish-MIP simulation protocol is kept as similar as possible 
to the CMIP5 protocol to enable direct comparison, including using 
the same two ESMs (albeit from different generations) and focusing 
on climate impacts on total unfished marine animal biomass.
ESM projections
The IPSL and GFDL CMIP6 ESM simulations show a stronger 
mean surface warming of the global ocean from the 1990s to the 
2090s relative to the CMIP5 ESM simulations in the high-emissions 
scenario but a reduced difference in the strong-mitigation scenario 
(Fig. 1a,b). By contrast, there is more diversity in projected changes 
in NPP (Fig. 1c,d) and plankton biomass (Fig. 1e-h). Under CMIP5, 
only IPSL under high emissions shows an overall decline in global 
NPP, of ~10% by 2090–2099 (Fig. 1c). All other simulations (GFDL 
for both scenarios and IPSL for strong mitigation) exhibit little 
overall global change in NPP. However, under both CMIP6 sce-
narios, GFDL shows up to 5–10% decline in global NPP, whereas 
IPSL projects an increase of the same magnitude, with stronger 
responses under high emissions in both cases (Fig. 1d). The NPP 
increase in IPSL CMIP6 is especially prominent in subtropical gyres 
(Extended Data Fig. 1), and preliminary analysis suggests this could 
be linked to a warming-induced increase in di-nitrogen fixation17. 
Importantly, despite increasing NPP, the phytoplankton and zoo-
plankton biomasses in IPSL show marked declines for CMIP6, as 
was the case in CMIP5, although with greater differences between 
the two ESMs (Fig. 1e-h).
Spatially, IPSL and GFDL CMIP6 ESMs project sea surface tem-
perature (SST) increases across almost the entire global ocean under 
the high-emissions scenario (Fig. 2b), with the largest changes in the 
Arctic, northern temperate regions (except the centre of the North 
Atlantic subpolar gyre) and a belt around the Equator. Polar oceans 
show a generally broader surface warming in CMIP6 simulations 
than in CMIP5 (Fig. 2c and Extended Data Figs. 1 and 2) as well as 
the highest NPP increases over the twenty-first century under the 
high-emissions scenario (Fig. 2e and Extended Data Figs. 1 and 2). 
The Pacific and North Atlantic oceans contain large areas of pro-
jected NPP decrease (Fig. 2e), although of reduced extent relative 
to CMIP5 (Fig. 2d,e). The Arctic shows a blanket increase under 
CMIP6, seemingly driven by IPSL differences relative to CMIP5 
(Extended Data Figs. 1 and 2). Changes in phytoplankton and zoo-
plankton biomass are more consistently negative, decreasing every-
where except the poles (Fig. 2g-l), and more regionally variable for 
zooplankton (Fig. 2j–l). The spatial congruence between CMIP5 
and CMIP6 in the direction of changes for plankton biomasses, 
however, was greater than for NPP (Fig. 2e,h,k).
MEM projections
Mean projected global marine animal biomass from the full MEM 
ensemble shows no clear difference between the CMIP5 and CMIP6 
simulations until ~2030 (Fig. 3). After 2030, CMIP6-forced mod-
els show larger declines in animal biomass, with almost every year 
showing a more pronounced decrease under strong mitigation 
and most years from 2060 onwards showing a more pronounced 
decrease under high emissions (Fig. 3). Both scenarios have a 
significantly stronger decrease in 2090–2099 under CMIP6 than 
CMIP5 (two-sided Wilcoxon rank-sum test on annual values; 
n = 160 for CMIP6, 120 for CMIP5; W = 12,290 and P < 0.01 for 
strong mitigation, W = 11,221 and P = 0.016 for high emissions). 
For the comparable MEM ensemble (Extended Data Fig. 3), only 
the strong-mitigation scenario is significantly different (n = 120 
for both CMIPs; W = 6,623 and P < 0.01). The multiple consecu-
tive decades in which CMIP6 projections are more negative than 
CMIP5 (Fig. 3b and Extended Data Fig. 3b) suggest that these 
results are not due simply to decadal variability in the selected ESM 
ensemble members. Under high emissions, the mean marine animal 
biomass for the full MEM ensemble declines by ~19% for CMIP6 
by 2099 relative to 1990–1999 (~2.5% more than CMIP5), and the 
mitigation scenario declines by ~7% (~2% more than CMIP5). 
Similar declines were observed for the comparable MEM ensemble. 
Notably, the ensemble inter-model standard deviations show a total 
separation between high-emissions and strong-mitigation scenar-
ios under CMIP6 after the 2080s for both the full and comparable 
MEM ensembles, whereas they overlap under CMIP5 (Fig. 3b and 
Extended Data Fig. 3). This was due primarily to a narrowing of the 
inter-model standard deviation for the high-emissions scenario; all 
the CMIP6 GFDL-forced MEMs project a higher rate of biomass 
































































































Fig. 3 | Multimodel mean change in marine animal biomass under strong-mitigation and high-emissions scenarios. a, CMIP5. b, CMIP6. Blue colouring 
represents strong mitigation, and red represents high emissions. Coloured dots indicate years with higher ensemble means for CMIP5. All values relative 
to standardized reference period (1990–1999). Solid coloured lines indicate ensemble means; shaded areas indicate inter-model standard deviation. 
Vertical grey shaded area and line indicate reference decade and first year of projection after historical period, respectively. The full ensemble of MEMs is 
included for CMIP5 (7 models using IPSL and 5 models using GFDL, n = 12) and CMIP6 (9 models using IPSL and 7 models using GFDL, n = 16).
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Extended Data Fig. 4c,d), which brings those models’ projections 
closer to those of IPSL-forced models.
Biomass changes across the full and comparable MEM ensembles 
show similar global spatial patterns between CMIP5 and CMIP6 
under both scenarios (Fig. 5a,b and Extended Data Figs. 5a,b and 
6a,b). However, there are substantial regional differences (Fig. 5a–c 
and Extended Data Figs. 5a–c and 6a–c). In all cases, CMIP6 MEM 
ensemble means project an increase in animal biomass essentially 
everywhere in the Arctic by the 2090s, whereas CMIP5 projects 
both increases and decreases in the region. The pattern is spatially 
heterogeneous for other regions, although equatorial regions do 
show a consistent biomass decline for both CMIP5 and CMIP6 
(Fig. 5a–c and Extended Data Figs. 5a–c and 6a–c). In total, 71% 
of grid cells indicate the same direction of change for the ensemble 
model biomass under CMIP5 and CMIP6, with 15% switching from 
decreases to increases (Fig. 5d) and another 14% vice versa (Fig. 5e). 
Among the areas that change, large parts of the Arctic Ocean show 
positive changes, and a large area of temperate latitudes exhibits 
negative changes (Fig. 5d–e).
Notably, the MEM model agreement (Extended Data Fig. 7e,f) 
is fairly high (>80%) in most oceanic regions under CMIP6, except 
for the subtropical gyres where the agreement drops to 50% (maxi-
mum disagreement among models), probably due to the marked 
differences in CMIP6 NPP and the various ways MEMs incorpo-
rate lower-trophic-level forcing21. Regardless of whether the full or 
comparable MEM models are considered (Extended Data Figs. 8, 9 
and 10), there is no clear spatial improvement in model agreement 
compared with CMIP5.
Discussion and conclusions
Our comparison of GFDL and IPSL climate drivers for MEM projec-
tions revealed a substantial spatial reshuffling of projected marine 
animal biomass change in the global ocean between CMIP5 and 
CMIP6. Overall, these changes suggest that when averaged across 
the ensemble, total marine animal biomass will decline more steeply 
when forced by CMIP6 ESMs than by CMIP5 (Fig. 3), with a greater 
separation between high-emissions and strong-mitigation scenarios 





















































































































































































































Fig. 4 | Projected global change in marine animal biomass from individual MEMs driven by iPSL and GFDL under the high-emissions scenario. a, CMIP5 
IPSL-CM5A-LR. b, CMIP6 IPSL-CM6A–LR. c, CMIP5 GFDL-ESM2M. d, CMIP6 GFDL-ESM4M. A different set of MEMs is included for CMIP5 (7 models 
using IPSL and 5 models using GFDL, n = 12) and CMIP6 (9 models using IPSL and 7 models using GFDL, n = 16). All values are relative to the standardized 
reference period of 1990–1999. Vertical grey shaded area indicates reference decade, and vertical grey line indicates first year of projection subsequent to 
historical period.
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Fig. 3). Differences in projected biomass changes appeared to be 
caused primarily by increased climate sensitivity of CMIP6 simula-
tions22, specifically the IPSL and GFDL simulations used here. This 
is supported by the comparable MEM ensemble results (Extended 
Data Figs. 3–5 and 8).
Warming can affect metabolic costs, rates of biomass produc-
tion, mortality and species distributions and interactions in indi-
vidual MEMs; a detailed study of the response of individual MEMs 
to warming in isolation21 revealed a substantial variability in mecha-
nisms and responses, although a broadly consistent negative impact 
on biomass. Warming is also accompanied by increased ocean 
stratification and a marked biomass decrease of non-nitrate-fixing 
phytoplankton23. Combining these mechanisms, the pattern is one 
of consistent global animal biomass decline under both CMIP5 and 
CMIP6, with a strengthened decline under CMIP6.
The impact of changing productivity and biomass in the lower 
trophic levels modelled in ESMs remains complex. Biogeochemical 
forcing variables, particularly NPP, were substantially altered under 
the high-emissions scenario in CMIP6, with directional differences 
between the two ESMs at the global scale (Fig. 1d), although the phy-
toplankton and zooplankton biomasses that support upper trophic 
levels decrease in a very similar way to CMIP5. Four of nine MEMs 
use NPP as their primary input (BOATS, DBEM, EcoTroph and 
MACROECOLOGICAL), while others are forced by phytoplankton 
and/or zooplankton biomass or a proxy thereof (DBPM, EcoOcean 
and ZooMSS) or combine plankton biomass with particulate organic 
matter (APECOSM and FEISTY) to generate new animal produc-
tion (Table 1 and Supplementary Table 1). These differences within 
Fish-MIP represent structural variability in the MEMs, and the sen-
sitivity of the results, as well as the general agreement, should be seen 
as a test of how robust the result of declining MEM biomass under 
climate change is to the ecological and other assumptions of the 
MEMs. Variability in how lower trophic levels are included in MEMs 





















































































































































Shift to negative change
Fig. 5 | Ensemble mean change in marine animal biomass under the high-emissions scenario. The full ensemble of MEMs is included for CMIP5 (7 models 
using IPSL and 5 models using GFDL, n = 12) and CMIP6 (9 models using IPSL and 7 models using GFDL, n = 16). a,b, Maps represent mean percentage 
change between 1990–1999 and 2090–2999 under CMIP5 (a) and CMIP6 (b). c, Difference in percentage change between CMIP5 and CMIP6. d, Difference 
in percentage change between CMIP5 and CMIP6 for grid cells showing same direction of change. e, Difference in percentage change between CMIP5 and 
CMIP6 for grid cells changing from CMIP5 decrease to CMIP6 increase. f, Same as in e for grid cells changing from CMIP5 increase to CMIP6 decrease.
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climate simulation experiment, highlighting the need for improve-
ment in the coupling of MEMs with biogeochemical variable 
outputs21. However, the fact that all MEMs projected declining 
biomass under high emissions despite these differences around 
lower-trophic-level forcing suggests a robustness to the results and 
perhaps the particular importance of temperature effects21.
While the ESMs exhibited generally consistent trends in NPP 
and export in response to warming24, disagreement in the regional 
patterns of these responses and their global signature is an ongo-
ing issue25. The inclusion of strong temperature-dependent rem-
ineralization, for example, can enhance recycling and NPP despite 
increasing stratification under ocean surface warming, yet this is 
treated unevenly across ESMs. Variations in light harvesting and 
nutrient uptake parameters within broad uncertainty bounds can 
shift latitudinal thresholds between nutrient- and light-limited 
regimes in biogeochemical models, with the latter likely to be posi-
tively impacted by increasing stratification under climate change 
and the former negatively26. Regional circulation changes, which 
often vary strongly between models, can shape regional NPP 
trends27. Efforts to constrain factors controlling the NPP response 
to climate change28 or leverage emergent constraints to reduce 
NPP projection uncertainty23 are ongoing but did not result in con-
vergence for CMIP6. We also caution that none of the MEMs (or 
ESMs for plankton) yet includes the potential for adaptation or evo-
lution of individual taxa and that there remains the lack of a full 
bi-directional coupling between higher- and lower-trophic-level 
(biogeochemical) processes in the MEMs. Furthermore, many spe-
cies interactions are not well captured by global-scale MEMs, and 
the potential for nonlinear tipping points that cause rapid ecological 
deterioration remains unclear21.
Projected mean changes in animal biomass had a smaller spread 
across CMIP6-forced Fish-MIP models under both scenarios 
(Fig. 3). However, combining opposing NPP signals from ESMs 
that have also effectively become more similar in terms of warm-
ing response could create an illusion of model improvement and 
reduced uncertainty, although, as described, not all MEMs used 
NPP. The reduced spread of MEM projections is evident only when 
ESMs are averaged; within each ESM the spread of MEM biomass 
projections is similar under CMIP5 and CMIP6 (Fig. 4). Individual 
improvements in two MEMs between CMIP5 and CMIP6 could 
also have impacted results. For example, EcoOcean has recently 
been updated by improving its representation of specific spe-
cies contributions to ecosystem dynamics and the response of the 
marine food web to different environmental drivers29. However, the 
majority of MEMs were unchanged (Table 1), so this is likely to have 
had a limited impact relative to the changes in ESM forcings.
While here we explore uncertainties in future animal biomass 
through generating an ensemble of impact models (MEMs) forced 
by standardized inputs from two contrasting ESMs and low and high 
carbon emission scenarios, we recognize that our treatment of uncer-
tainty associated with internal climate variability is limited. However, 
this is generally a smaller source of uncertainty at the multi-decadal 
to century time scales explored here than model and scenario 
uncertainty for most fisheries-relevant biogeochemical drivers30,31. 
Nonetheless, future efforts to fully characterize these uncertainties 
associated with internal climate variability will be important for inte-
grating an additional source of uncertainty into the ensembles, as will 
the addition of further ESMs, although here our experimental design 
aimed to use the same two ESMs as in the CMIP5 experiment11,12.
Sensitivity to climate responses in MEMs could also be examined 
across a range of past modelled and observed biogeochemical and/
or ecological variables that might constrain responses to climate 
change, so-called emergent constraints23, as a means to improve 
both suites of ensembles. In addition, the greater integration of 
other changing biogeochemical components (such as oxygen) to 
more MEMs (Supplementary Table 1) would enable an ensemble 
exploration of a greater range of climate impacts. With increasing 
maturity of MEMs and communication between climate simulation 
and impact communities, such as through the CMIP6 Vulnerability, 
Impacts, Adaptation and Climate Services Advisory Board16, these 
opportunities should arise in the future.
In addition, and importantly, the MEM outputs explored 
here focus on total animal biomass without the inclusion of fish-
ing impacts, which can act synergistically with climate change4. 
Consequently, projected changes in an exploited ocean may be 
larger. While restoring overfished stocks and limiting exploitation 
to sustainable levels may help with climate change adaptation at the 
regional and global levels32, our CMIP6 results suggest that there are 
larger challenges ahead for future fisheries potential than previously 
anticipated. Fisheries production potential has remained essentially 
flat for the past 40 years despite an increase in fishing effort, with 
marine capture fisheries landings on the order 0.1 Gt yr–1 (ref. 33). 
If CMIP6 projections hold, wild-capture fishery contributions to 
global food security may be further challenged.
As per previous Fish-MIP studies8,12, our results focus on total 
(potential) ecosystem biomass, rather than the ‘edible’ biomass 
available for fisheries, in part because we are interested in the 
overall ecosystem response to environmental change. In addition, 
given the heterogeneous nature of the MEMs, only a proportion of 
which are species-based, total ecosystem biomass is a variable that 
is consistently comparable across models. The ensemble outputs 
that we provide here complement organismal34 and spatial35 studies 
of climate impacts and vulnerabilities, both in terms of using such 
studies to further inform the development of individual MEMs and 
to provide ecosystem-level projections of trends and uncertainties 
due to changes in both temperature and productivity that provide 
additional context to the more finely resolved studies of thermal 
niches and life-history responses. For robust projections of edible 
fish biomass, we would also need scenarios of future fleet behav-
iour, economics and changes in target fishery species that are not 
yet available (and not included in Shared Socioeconomic Pathways 
(SSPs)). Projected decreases of global animal biomass do not nec-
essarily imply that global fisheries catches would be reduced in 
proportion; changes in animal production, where explored in 
individual MEMs, suggest a similar climate response to biomass, 
although lower in magnitude36,37. We recognize that the inclusion of 
fishing impacts, which can act synergistically with climate change4, 
remains an important concern, and Fish-MIP is in the process of 
developing scenarios to enable such comparisons.
Our CMIP6 projections of twenty-first-century climate change 
impacts show steeper global biomass declines and thus greater 
climate risks for marine ecosystems than their CMIP5 counter-
parts forced by the same two ESMs, and emphasize the benefits of 
strong mitigation. Marked shifts in directional differences for many 
regions of the global ocean, probably driven by differences in ESM 
forcing, and in particular NPP, highlight the large uncertainties that 
still exist, suggesting that the readiness of ESM-forced global-scale 
MEMs to support country-level adaptation policies is still nascent, 
although these capabilities may be more advanced for regional mod-
els38. There remains an urgent need for model refinement to tackle 
uncertainty at all levels, including both climate and marine ecosys-
tem projections. Only once these uncertainties have been addressed, 
so that climate-to-ecosystem modelling is improved, will the projec-
tions of climate impacts on marine organisms and fisheries be more 
robust and thus more strategically useful. A more ambitious model 
evaluation of the whole ocean including ecological-to-human cou-
pled systems is required to deliver the rigorous projections urgently 
needed to advance climate adaptation and mitigation.
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Methods
The full ensemble approach used for Fish-MIP model intercomparisons, MEM 
architectures and the selection of ESM simulation outputs used as forcing variables 
is previously described11, but briefly, monthly ocean physical and biogeochemical 
outputs from ESMs run under prescribed scenarios are interpolated in space and 
time to a regular monthly 1° grid. These variables are then used under a common 
simulation protocol to force individual MEMs, with each modelling group using 
all relevant variables for their model (Supplementary Table 1). MEM outputs are 
then archived in a standardized 1° grid format for a common range of ecosystem 
variables.
For the Fish-MIP simulation round here, to enable the best possible 
comparison between CMIP5 and CMIP6, we utilized the same two ESMs: 
GFDL-ESM2M51,52 and IPSL-CM5A-LR53 for CMIP5 and the equivalent new 
generations for CMIP6, GFDL-ESM4.154–56 and IPSL-CM6A-LR57–59. These 
were originally chosen on the basis of key criteria, including that they spanned 
a substantial fraction of the range of CMIP5 ESM projections in relevant 
oceanographic variables11. We compared projections under the strong-mitigation 
RCP 2.6 (CMIP6 SSP1–2.6) and the high-emissions RCP 8.5 (CMIP6 SSP5–8.5) 
scenarios. For the CMIP5-forced Fish-MIP model runs, the historical simulations 
spanned 1970–2005, and the RCP scenarios spanned 2006–2099; for CMIP6, 
the historical simulations spanned 1970–2014, and the SSP scenarios spanned 
2015–2099. To enable a standardized comparison, a historical baseline period 
of 1990–1999 was used, with changes in MEM outputs evaluated relative to this 
period. To further enable direct comparison and isolation of impacts, climate 
change was the only stressor imposed on marine ecosystems, without fishing 
or other anthropogenic pressures superimposed. The primary output variable 
examined was total global marine animal biomass, with the specific range of 
marine animals represented (for example, species or functional groups) varying 
among MEMs11 but generally including major taxonomic groups or major fish taxa 
(Table 1). Given this, we examined trajectories of relative animal biomass change 
for each model over the twenty-first century rather than absolute values. For details 
on model calibration and validation, see ref. 12; for key MEM reference papers, 
see Table 1. The complete updated Fish-MIP protocol for CMIP6 forcings can be 
found at https://bit.ly/3jhWH7c.
In addition to the refined CMIP6 ESMs, two of the original six global  
Fish-MIP MEMs have also undergone improvements, reflecting the further 
development of parameterizations, additional processes and underlying  
hypotheses for the structure and dynamics of marine ecosystems (Table 1). 
Furthermore, three additional MEMs were added to the ensemble (EcoTroph37,47, 
FEISTY48 and ZooMSS50; Table 1). EcoTroph is a trophic-level-based model  
that implicitly includes all marine species of vertebrates and invertebrates;  
FEISTY is a composite model that includes both pelagic and demersal fish species 
as well as benthic invertebrates; ZooMSS is a composite model that includes 
fish but also focuses on resolving zooplankton taxa. In addition to examining 
projections across the entire expanded CMIP6 ensemble of nine MEMs (‘full 
MEM ensemble’), we also performed a more direct standardized comparison 
by using outputs from the CMIP5-driven ensemble of six MEMs against results 
from only these six MEMs for CMIP6 forcings (‘comparable MEM ensemble’). A 
large number of regional MEMs also contribute to Fish-MIP and warrant detailed 
investigation at the local scale, but they are not reported here for as straightforward 
comparison as possible.
Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.
Data availability
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Extended Data Fig. 1 | Spatial change in oceanographic properties under CMiP6 SSP5-8.5. Change in sea -surface temperature (a-c), net primary 
production (d-f), phytoplankton carbon (g-i) and zooplankton carbon (j-l) between 1990–1999 and 2090–2099. Left column shows the mean change for 
IPSL-CM6A-LR. Middle column shows the mean change for GFDL-ESM4. Rightmost column shows the mean change averaged across GFDL and IPSL.
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Extended Data Fig. 2 | Spatial change in oceanographic properties under CMiP5 RCP8.5. Change in sea surface temperature (a-c), net primary 
production (d-f), phytoplankton carbon (g-i) and zooplankton carbon (j-l) between 1990–1999 and 2090–2099. Left column shows the mean change for 
IPSL-CM5A-LR. Middle column shows the mean change for GFDL-ESM2M. Rightmost column shows the mean change averaged across GFDL and IPSL.
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Extended Data Fig. 3 | Multi-model change in marine animal biomass across comparable set of six marine ecosystem models (MEMs) run using both 
CMiP5 and CMiP6 forcings. CMIP5 (a) and CMIP6 (b) results averaged across GFDL and IPSL under strong-mitigation (blue) and high-emissions (red) 
scenarios. Solid lines indicate ensemble model means; shaded areas indicate + /- inter-model standard deviation (n = 10; two MEMs only used IPSL). All 
values are relative to the standardized reference period of 1990–1999 (vertical grey shaded area). Vertical grey shaded area indicates reference decade and 
vertical grey line indicates first year of projection (subsequent to historical period). For the suite of MEMs considered, see Fig. 4. Coloured dots indicate 
CMIP5 values in years in which the ensemble mean values were higher for CMIP5 than for CMIP6.
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Extended Data Fig. 4 | Projected global change in marine animal biomass across comparable set of six marine ecosystem models (MEMs) run using 
both CMiP5 and CMiP6 forcings under the high-emissions scenario. MEM outputs using CMIP5 (a & c) and CMIP6 (b & b) forcings (n = 10; two MEMs 
only used IPSL). All values are relative to the standardized reference period of 1990–1999. Vertical grey shaded area indicates reference decade and 
vertical grey line indicates first year of projection (subsequent to historical period).
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Extended Data Fig. 5 | Ensemble mean change in marine animal biomass across comparable set of six marine ecosystem models (MEMs) that used 
both CMiP5 and CMiP6 forcings under the high-emissions scenario. MEM outputs using CMIP5 (a) and CMIP6 (b) forcings from GFDL and IPSL (n = 10; 
two MEMs only used IPSL). Maps represent mean percentage change between 1990–1999 and 2090–2999 under a) CMIP5 and b) CMIP6; c) difference 
in percentage change between CMIPs; d) difference in percentage change between CMIPs for grid cells that showed the same direction of change; e) 
difference in percentage change between CMIPs for grid cells that changed from a decrease in CMIP5 to an increase in CMIP6 and f) vice versa.
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Extended Data Fig. 6 | Ensemble mean change in marine animal biomass across comparable set of six marine ecosystem models (MEMs) that used 
both CMiP5 and CMiP6 forcings under the high-mitigation scenario. MEM outputs using CMIP5 (a) and CMIP6 (b) forcings from GFDL and IPSL (n = 10; 
two MEMs only used IPSL). Maps represent mean percentage change between 1990–1999 and 2090–2999 under a) CMIP5 and b) CMIP6; c) difference 
in percentage change between CMIPs; d) difference in percentage change between CMIPs for grid cells that showed the same direction of change; e) 
difference in percentage change between CMIPs for grid cells that changed from a decrease in CMIP5 to an increase in CMIP6 and f) vice versa.
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Extended Data Fig. 7 | Ensemble model results from the full set of global marine ecosystem models under the high-emissions scenario. Total consumer 
biomass change (a, b), inter-model standard deviation (c, d), and model agreement (e, f) where 100% represents all models indicating the same direction 
of change, and 50% indicates half the models indicating one direction of change and half indicating the opposite.
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Extended Data Fig. 8 | Ensemble model results from the comparable set of global marine ecosystem models that ran both CMiP5 and CMiP6 
simulations under the high-emissions scenario. Total consumer biomass change (a, b), inter-model standard deviation (c, d), and model agreement  
(e, f) where 100% represents all models indicating the same direction of change, and 50% indicates half the models indicating one direction of change 
and half indicating the opposite.
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Extended Data Fig. 9 | Ensemble model results from the full set of global marine ecosystem models under the strong-mitigation scenario. Total 
consumer biomass change (a, b), inter-model standard deviation (c, d), and model agreement (e, f) where 100% represents all models indicating the 
same direction of change, and 50% indicates half the models indicating one direction of change and half indicating the opposite.
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Extended Data Fig. 10 | Ensemble model results from the comparable set of global marine ecosystem models that ran both CMiP5 and CMiP6 
simulations under the strong-mitigation scenario. Total consumer biomass change (a, b), inter-model standard deviation (c, d), and model agreement  
(e, f) where 100% represents all models indicating the same direction of change, and 50% indicates half the models indicating one direction of change 
and half indicating the opposite.
NATuRE CLiMATE CHANGE | www.nature.com/natureclimatechange
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Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.
Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.
For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
Our web collection on statistics for biologists contains articles on many of the points above.
Software and code
Policy information about availability of computer code
Data collection Data were simulation outputs from individual marine ecosystem models, all cited in the main manuscript.
Data analysis R version 4.0.3 was used to conduct the analysis of this data. 
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
Data
Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 
 
All standardized forcing variables from the ESMs are available at doi: 10.48364/ISIMIP.575744.1; all outputs from the MEMs are available via ISIMIP (see: https://
www.isimip.org/gettingstarted/data-access/).
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.
Study description This study evaluates simulation outputs from marine ecosystem models forced by standardized earth-system models outputs from 
the CMIP5 and CMIP6 projects.
Research sample The research sample is a set of marine ecosystem models from the FishMIP project (www.fishmip.org).
Sampling strategy N/A
Data collection ESM data were provided by ISIMIP; marine ecosystem model outputs were provided by individual modellers and coordinated by 
FishMIP.
Timing and spatial scale Simulation outputs of the period 1970-2099 were analyzed. The spatial scale was global.
Data exclusions No data were excluded.
Reproducibility Models are reproducible in the sense that they can be re-run and outputs re-analyzed; all outputs are freely available.
Randomization This is not relevant since we were not testing covariates.
Blinding Blinding was not relevant to this study since we were not evaluating individual models versus one another but the whole set as an 
ensemble.
Did the study involve field work? Yes No
Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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MRI-based neuroimaging
